Introduction-Epicardial fat volume (EFV) is linked to cardiovascular event risk. We aimed to investigate the relationships between EFV and weight change.
Introduction
Epicardial fat volume (EFV) describes the volume of adipose tissue around the heart that is constrained by the visceral pericardium. Recent studies have demonstrated that EFV measured on non-contrast computed tomography (CT) may be an important marker of coronary artery disease (CAD), with concurrent associations to coronary atherosclerosis and inflammatory cytokines (1, 2) . EFV has been shown to be related to not only the coronary calcium score (CCS) and the development of coronary plaque (3) (4) (5) (6) but also to myocardial ischemia (7) and adverse clinical outcomes (8, 9) .
Preliminary studies have indicated that substantial weight loss in severely obese patients following bariatric surgery or marked calorie intake reduction may be accompanied by a corresponding decrease in EFV (10, 11) . While this observation suggests that EFV may be modifiable, it is unknown whether weight fluctuations have a similar effect in subjects who are not enrolled in an intensive weight-loss program. The aims of the current study were to assess the relationship of EFV to weight, body mass index (BMI) and waist circumference, and to evaluate whether changes in these parameters over a four-year period influence EFV measured by non-contrast CT.
Methods

Study population
Subjects for this study were selected from the EISNER (Early Identification of Subclinical Atherosclerosis using Non-invasive Imaging Research) Registry, which consists of asymptomatic healthy volunteers and patients who underwent coronary artery calcium (CAC) scanning (12) . From within this registry, we identified 1248 subjects who both had a serial CAC scan performed 3-5 years after their index scan (mean duration 4.1±0.4 years) and who had none of the following exclusion criteria: history of chest pain, myocardial infarction, coronary revascularization, cardiomyopathy, peripheral artery disease, stroke, history of having a prior CAC scan or invasive coronary angiogram, active pregnancy, clinical instability, or significant medical co-morbidity. Since quantification of EFV for this entire cohort would have been prohibitively time and labor intensive, we further narrowed our sample to include equal representative samples of subjects, by matching using age decade, gender and CCS as a measure of subclinical cardiovascular risk. First, we identified 106 random subjects who had conversion from a normal to abnormal CAC scan during serial scanning. These subjects were paired with 106 age and gender-matched subjects who had normal scans (no coronary calcium) both at baseline and follow-up scan. In the matching process, when there was more than one available candidate, pseudo-random numbers were generated to sort and randomly select the matched candidate. Second, we randomly identified a second group of 375 subjects with a baseline CCS of 50-399 and then divided this group into tertiles of CCS progression (n=81 in each tertile) at follow-up. The tertile of 81 subjects with the lowest progression of CCS (low progressors) and the tertile of 81 subjects with the highest progression of CCS (high progressors) were included in this study, whereas the middle tertile group was not considered. Hence, our final sample included 374 subjects (106+106+81+81), now including 212 with an initially normal CAC scan and 162 with an initially abnormal CAC scan.
Clinical assessment
All subjects underwent a comprehensive clinical evaluation and assessment of biophysical parameters (weight, height, BMI and waist circumference) at the time of each non-contrast CT scan. Prior to CT imaging, a medical history was collected to assess prior cardiac disease, cardiovascular risk factors, and medication use. Hypertension was defined as history of physician-diagnosed high blood pressure, or blood pressure medication usage or blood pressure ≥140/90 mm Hg (systolic/diastolic). Diabetes was defined as a history of physician diagnosed diabetes or by having a fasting glucose ≥126 mg/dl. Smoking was defined as self-reported history of current smoking. Three hundred forty two subjects out of 374 had a fasting lipid profile [total cholesterol (TC), high density lipoprotein (HDL) cholesterol, triglycerides (TG) and low density lipoprotein (LDL) levels] using a Cholestech (Alere Inc. Waltham, MA) desktop chemical analyzer. Hypercholesterolemia was defined as history of physician-diagnosed high cholesterol, or cholesterol medication usage or LDL ≥140 mg/dl or TC ≥240 mg/dl. Waist circumference was measured to the nearest 0.1 cm using a tape measure. Weight and height were measured to the nearest 0.1 kg and 0.1 cm, respectively. BMI was calculated as the quotient of the weight in kilograms (kg) to the height in meters (m) squared. Percentage changes in these biophysical parameters were calculated as the difference between the values at follow-up and baseline, divided by the value at baseline, multiplied by 100. Blood serum was stored and analyzed for 321 (86%) of the 374 subjects. For these subjects, C-reactive protein (CRP), adiponectin and interleukin-6 (IL-6) were measured by Alere San Diego Inc. (San Diego, CA).
CT data acquisition
Non-contrast CT was acquired using either an electron-beam CT (EBCT) scanner (e-Speed, GE Healthcare, Milwaukee, WI), a 4-slice multi-detector CT (MDCT) scanner (Somatom Volumezoom, Siemens Medical Solutions, Forchheim, Germany), or a dual-source CT scanner (Somatom Definition, Siemens Medical Solutions, Forchheim, Germany). All scanners were calibrated daily using air and water phantoms. Each scan extended from the aortic arch to the diaphragm and was obtained during a single breath-hold. The following scan parameters were used: Heart-rate dependent ECG-triggering (typically 45-60% of the R-R interval), 35 cm field-of-view, and 512×512 matrix size. Tube voltage was 120 kVp with MDCT scanning. Slice thickness was 3 mm for EBCT and 2.5 mm for MDCT. All coronary artery calcium scan images were initially reviewed by an expert reader, using semi-automatic commercially available software (ScImage, Los Altos, CA) to quantify coronary calcification in the manner described by Agatston et al (13) . All images were also transferred to a research workstation for epicardial fat quantification. This study was conducted according to guidelines of the Cedars-Sinai Medical Center Institutional Review Board. All subjects provided written informed consent for participation in the study and the use of their data.
Epicardial fat quantification
Epicardial fat quantification was performed by software (QFAT) developed at Cedars-Sinai Medical Center, as previously described (6, 9, 14) . Epicardial fat was defined as adipose tissue enclosed by the visceral pericardium, including fat directly surrounding the coronary arteries. For defining epicardial contours, the upper slice limit, marked by bifurcation of the pulmonary artery trunk, and lower slice limit, identified as the slice just below the posterior descending artery, were chosen, as previously described (7) . This lower limit was chosen to better distinguish epicardial fat from fat around the diaphragm. As in our previous work, 5-10 control points on the pericardium in each transverse view were assigned by an experienced imaging cardiologist blinded to subject status and clinical non-contrast CT interpretation. From these control points, piecewise cubic Catmull-Rom spline functions were automatically generated to create a smooth closed epicardial contour (15) . EFV was then automatically calculated by identifying contiguous 3D voxels displaying Hounsfield Units (HU) between −190 and −30 (16) . EFV was reported in cubic centimeters (cm 3 ). Percent (%) EFV change was calculated using baseline EFV as reference [(follow-up EFVbaseline EFV)/baseline EFV)].
Statistical analysis
All continuous variables included in the analysis are presented as mean ± SD. Nonparametric variables are presented as median with range. Univariate analyses were performed on continuous variables using the two sample t-test for normally distributed variables, and the Mann-Whitney U test for non-normally distributed data. Pearson's correlation coefficient was used to assess the relationship between continuous variables. For more than 2 groups, the one-way ANOVA test with Bonferroni multiple comparison was used. Weight gain and loss were defined as an increase or decrease >5% of baseline value. This threshold was defined based on distribution of percent weight change [(follow-up weight -baseline weight)/baseline weight] of the population. Significant change in EFV (gain and loss) was defined as an increase or decrease ≥10% of baseline value, this threshold was derived from recently reported inter-scan reproducibility of EFV measurement from our group (17) . Multivariable linear regression was sequentially used to assess whether weight change and BMI change were predictive of absolute and percentage EFV change after adjusting for age, gender and conventional cardiovascular risk factors. Multivariable conditional logistic regression analyses adjusting for conventional cardiovascular risk factors were performed to determine whether weight change and BMI change were independently related to significant change in EFV. Statistical significance for all analyses was set at the 5% level. All statistical calculations were performed using STATA (Version 11, StataCorp LP, College Station, Texas, USA) for Windows.
Results
Of the 374 study subjects, 222 (59%) were men, and mean age was 58±8 (range 36-79) years. Table 1a shows the baseline and follow-up demographics of the study population. Prevalence of diabetes, hypertension, and cigarette smoking increased at follow-up (Table  1a ). Serum TC, LDL and TG levels were lower at follow-up compared to baseline (p<0.0001 for all). Serum HDL level was similar between baseline and follow-up (p=0.4). CCS increased significantly from baseline [median 0 (0-399)] to follow-up [median 19.5 (0-1051)] (p<0.0001).
Relationship of EFV to biophysical parameters
Baseline EFV was moderately correlated to baseline weight (r=0.51, p<0.0001), BMI (r=0.41, p<0.0001) and waist circumference (r=0.50, p<0.0001) measurements (Figure 1 a,  b, c) . At follow up EFV increased compared to baseline (93±40 vs. 84±38, p<0.0001). This was accompanied by an increase in waist circumference (95.3±14.2 vs. 93.0±13.7, p<0.0001) but not weight (81.7±19.1 vs. 81.4±18.3, p=0.4) or BMI (28.0±5.5 vs. 27.8±5.4, p=0.1) (Table 1b) .
Relationship between EFV change and biophysical parameter changes
EFV change was weakly correlated to weight change (r=0.37, p<0.0001), BMI change (r=0.39, p<0.0001) and waist circumference change (r=0.21, p=0.002) (Figure 1 d, e, f) . Using multivariable linear regression analysis, weight change (%) (β= 1.2, 95% CI 0.9-1.5, p<0.001), BMI change (%) (β=1.2, 95% CI 0.9-1.5, p<0.001), and hypertension (β=4.7, 95% CI 0.5-9.0, p=0.03) were significantly associated with EFV increase (%) ( Table 2a ). Male sex (β=−6.4, 95% CI −10.9-−1.8, p=0.006) was significantly associated with EFV decrease. Multivariable logistic regression analysis showed that hypertension (OR=1.6, 95% CI 1.0-2.6, p=0.03), weight change (%) (OR=1.1, 95% CI 1.1-1.2, p<0.001) and BMI change (%) (OR=1.1, 95% CI 1.1-1.2, p<0.001) predicted significant change (10% increase) in EFV (Table 2b ).
Of the 374 study subjects, 71 subjects showed a >5% weight gain, 54 subjects >5% weight loss, and 249 subjects had a weight change of less than 5%. EFV change in these three groups is shown in Figure 2 . EFV change was lowest (−2.3±21.1%) in the subjects with weight loss, and increased progressively with weight change (p<0.001, Figure 2 ).
Subjects with weight loss also showed lower frequencies of EFV gain (20%, compared to 54% in subjects with no significant weight change and 70% in subjects with weight gain, p<0.001) and higher frequencies of EFV loss (35%, compared to 10% in subjects with no significant weight change and 4% in subjects with weight gain, p<0.0001).
We also assessed change in EFV according to change in CCS upon follow-up scan. The mean %EFV change was significantly higher in high progressors compared to low progressors (14.4±22.5 vs. 7.3±20.7, p=0.04) but the mean %EFV change was similar in converters and non-converters (15.3±23.4 vs. 13.1±20.7, p=0.46). Table 3 shows the correlation of baseline EFV with blood serum biomarkers; EFV correlated with CRP, TG, and glucose and showed inverse correlation with adiponectin and HDL. However, after adjusting waist circumference, BMI, age and gender, the remaining significant associations were only with HDL (coefficient −0.05, standardized coefficient −0.12, p=0.03) and TG (coefficient 0.72, standardized coefficient 0.33, p<0.001).
Discussion
There are three main findings of the current study. First, in an asymptomatic population, weight, BMI and waist circumference demonstrated moderate cross-sectional relationships to EFV. Second, changes in these parameters were related to EFV change. Finally, subjects with >5% weight loss demonstrated lower frequencies of EFV gain and higher frequencies of EFV loss, whereas subjects with >5% weight gain showed the opposite trend.
The relationship between EFV and biophysical measures of body mass is known to be weak. Our findings support those from previous study, which have consistently demonstrated less impressive associations between body mass measures and EFV than visceral adipose tissue (6) .
Two prior studies using transthoracic echocardiography provided initial evidence that marked weight loss may reduce epicardial fat burden. Iacobellis et al. showed a decrease in epicardial fat thickness in obese subjects who underwent an aggressive 6-month long weight loss program (mean 20 kg) by adhering to a very low-calorie diet (900 kcal/day) (11) .
Similarly, in severely obese patients, Willens et al. reported that weight loss after bariatric surgery (average weight loss of 40 kg) was associated with a decrease in epicardial adipose tissue thickness (10) .
Our work differs from these prior studies in substantive ways. We evaluated a relatively healthy asymptomatic population, assessed subjects with far more modes weight changes than in previous studies (10, 11) , and employed a three-dimensional volume measurement of epicardial fat that is less variable and clinically more significant than one-dimensional thickness measurements. Prior study has demonstrated a correlation between volumetric measurement of EFV and coronary artery disease (18) and has established that these measurements are highly reproducible among different observers (17) . Importantly, whereas the prior studies of Iacobellis et al. and Willens et al. found reduction in EFV associated with major weight loss, our study establishes that EFV decrease can also accompany relatively minor weight reduction (<5% change in body weight). We also observed that hypertension was a predictor of EFV change. It may be that in future, larger studies, hypertension could emerge as a predictor of increase in EFV.
In our study, baseline EFV correlated with low-adiponectin and low-HDL levels and with high CRP, glucose and triglyceride levels. However, after adjusting waist circumference, BMI, age and gender, the association was remained only in HDL and TG. It has been shown that human adipose tissue expresses adiponectin and that adiponectin expression is significantly higher in epicardial fat from subjects with normal coronary arteries than in patients with severe coronary artery disease (19) . Additionally, baseline EFV correlated with high CRP, a plasma inflammatory biomarker. It is believed that epicardial fat would have a more paracrine than endocrine association with atherosclerosis. Therefore our new results support that the contribution of epicardial fat for the concentration of systemic inflammatory biomarkers would be negligible and probably more an epiphenomenon.
Limitations
There were several limitations to this study. First, our method of EFV quantification required operator assistance in determining heart limits and pericardial contour and was thus subject to observer bias. However, we have shown good inter-observer and cross-observer reproducibility of this measurement, even when this is measured from 2 scans (17) . In addition, perivascular or pericoronary adipose tissue around coronary arteries is part of the epicardial adipose tissue compartment. Prior studies have shown that pericoronary fat is associated with the presence of any plaque in the corresponding segment as seen by contrast-enhanced CT (20) . However, quantification of pericoronary fat requires segmentation of the coronary arteries from non-contrast CT using arbitrary lines, which has not yet been validated to our knowledge. Therefore, we did not segment epicardial fat volume into locality. Our previous work indicates, however, that although local perivascular fat may have a more pronounced effect on the coronary arteries than total epicardial fat volume, the technique is sensitive enough to detect a true pathogenic effect. Second, information regarding lifestyle or treatment modification that may affect EFV was not available in the current study. Third, matching on the basis of weight change may have provided a more optimized population for studying our hypothesis; while this was challenging in the EISNER population with serial CT scans (n=1248), this warrants further study. Finally, serum biomarkers (CRP, adiponectin and IL-6) were only available for the baseline scan and changes in these biomarkers data were not available in this study.
Conclusions
In conclusion, our study indicates that reduction in total body weight (>5%) is associated with stabilization or reduction in epicardial fat burden, whereas weight gain is associated with greater epicardial fat progression. Thus, further study to assess the relationship between weight change and epicardial fat formation in broader spectrum of subjects may now be warranted. In addition, future study should more broadly assess the extent to which EFV is influenced by other risk-reducing interventions, such as exercise (21) , and whether dynamic positive or negative changes in EFV, as noted in this study, is a mediator of clinical outcomes. Scatter plot comparing the percentage EFV change among subjects with >5% weight loss, maintained weight and >5% weight gain. 
